Purpose Pentoxifylline (PTX) is a derivative of methylxanthine and is used in peripheral vascular and cerebrovascular diseases for its effect on the regulation of blood circulation. We investigated whether PTX could be beneficial for femoral head osteonecrosis associated with steroid through these effects. Methods Sixty mature Leghorn type chickens were chosen and divided into three groups. The 25 chickens in group A were given a weekly dose of 3 mg/kg/week methylprednisolone acetate intramuscularly. Four chickens in group B died after the first drug injection and were excluded from the study. Therefore, the remaining 21 chickens in group B were additionally given 25 mg/kg/day pentoxifylline intramuscularly, along with the steroid medication as given in group A. The ten chickens in group C were not given any injections, as they were accepted as the control group. After the sacrifice of the animals at week 14, both femoral heads were taken from each animal. The animals which died along the course of the study also underwent pathological examination but were not a part of the statistical analysis. Results In this study, steroid induced femoral head osteonecrosis has been experimentally observed in chickens after high doses of corticosteroid therapy. The chickens were given pentoxifylline in order to prevent the effects of steroid on bones and bone marrow. The results showed that chickens are suitable osteonecrosis models, and that steroid causes adipogenesis and necrosis in the bone marrow and the death of the subchondral bone. Conclusions The results of this study hint at the assumption that PTX may have a positive benefit on ONFH. PTX seems to minimise the effects of the steroid and reduce the incidence of ONFH.
Introduction
The incidence of osteonecrosis of the femoral head (ONFH) has been on the rise in recent years due to the widespread use of steroid medication for immunosuppression, especially in transplant patients and in the treatment of rheumatic diseases [1] [2] [3] . However, the pathogenesis of steroidinduced ONFH has not yet been identified. Furthermore, protective and therapeutic methods have not yet proven successful either [4, 5] . Many researchers consider that systemic or local alterations of lipid metabolism may have an important role in steroid-induced ONFH. It was suggested that occlusion of arteries mainly located in the subchondral area by fat embolism or compression of sinusoids by accumulation of bone marrow fat stores and consequent arterial obstruction or lipid accumulation within osteocytes were responsible for ONFH [6] [7] [8] [9] [10] [11] [12] [13] [14] . Prevention of ONFH with antilipidemic drugs in test animals further supported this theory [14] [15] [16] [17] [18] [19] [20] . Recently, a direct adverse effect of steroids on osteoblastogenesis resulting in apoptosis of osteoblasts and osteocytes was shown in both experimental and human studies [5, [21] [22] [23] . PTX is a derivative of methylxanthine and is used in cerebral and peripheral vascular diseases for its effect on the regulation of blood circulation. It increases the microcirculation and tissue oxygenation by decreasing the viscosity of the blood and increasing the erythrocyte flexibility [24, 25] . In bone, pentoxifylline reduces osteoclast activation, increases the osteoblast differentiation and enhances bone morphogenetic protein-2(BMP-2)-induced new bone formation [26] [27] [28] [29] [30] . Previous studies have shown that PTX may be useful for treatment of prosthetic loosening, bisphosphonateassociated osteonecrosis and radiotherapy related chondrocyte apoptosis [26, 31, 32] . We postulated that PTX might also be beneficial for the prevention of steroid-induced osteonecrosis of the femoral head.
Material and methods

Steroid and pentoxifylline medication on the animals
This study was carried out in the animal laboratory of the Veterinary Faculty of Istanbul University. Institutional review board approval was obtained prior to the study. An animal osteonecrosis model described by Cui et al. [15] was used. Sixty male mature Leghorn type chickens were chosen and randomly divided into three groups. All animals in each group were fed the same standard diet adding two units of oksitetracycline (Geosol powder, Vetas, Turkey) prophylactically. All the animals in each group were weighed prior to the study and their medication doses were determined according to their weights. The 25 chickens in group A were injected with a weekly dose of 3 mg/kg/week methylprednisolone acetate (Depo-medrol 40 mg flacon, Eczacibasi, Turkey). The 25 chickens in group B were also given 25 mg/kg/day pentoxifylline (Trentilin 100 mg ampule, Santa Farma, Turkey) intramuscularly. Four chickens in group B died after the first drug injection and were excluded from the study. Therefore, the remaining 21 chickens in group B were given 25 mg/kg/day pentoxifylline intramuscularly, together with the steroid medication as given in group A. No treatment was given to the ten animals of the control group (group C). Animals were sacrificed with an overdose of i.v. pentobarbital sodium injection in the 14th week.
Histological preparation and grading
Both femoral heads were taken from every animal and cut along the coronal plane. Bone samples were fixed in 40% formalin, decalcified in 10% formic acid and put into paraffin. Five-micron serial cross-sections were cut by microtome and samples were stained with haematoxylin and eosin. The pathological changes in the femoral heads were classified into four stages according to the method described by Matsui et. al. [33] and modified by Cui et. al. [15] (Table 1) . Two investigators experienced in bone pathology, blinded to treatment protocols of the groups, assessed the slides individually.
Statistical analysis
Statistical analysis was done on GraphPad Prisma V.3 program for Windows (Graphpad Software, San Diego, CA). Besides average and standard deviation, the data was evaluated using the Kruskal-Wallis test in the intergroup comparisons, Wilcoxon signed rank test for percent change from zero, and chi-square test for equal proportions in the qualitative comparisons. Results were evaluated in the p<0.05 level of significance.
Results
The body weight of the chickens which were given steroid injections (groups A and B) decreased from their initial weight. (20.22±4.98% and 18.77±7.06 %, respectively). The decrease in the control group was only 0.46±1.51%. The decrease in body weight of the chickens in groups A and B was significantly higher from that of the control group (P<0.05).
During the 14 weeks, there were 12 (48%) deaths in group A, and there were 11 (52%) deaths in group B. The animals which died also underwent pathological examination, but were not included in the final statistical analysis. We did not see any visible change in any femurs or femoral heads in the macroscopic examination. All samples were seen to have intact joint cartilage. No deformity or collapse was observed.
In the frontal cross-sectional preparations prepared from animals that died in the third week from group A, there was a pale and yellowish appearance seen macroscopically. In the microscopic examination, we determined remarkable fat cell proliferation in the bone marrow taken from all of the animals which died in group A in the third week. Despite the increase in both the number and size of the fat cells, and bone marrow oedema in all of the femoral heads in group A, group B experiments showed no pathological change at week three. In the femoral head cross-section examination of the chickens that died in the fifth week from group A, we found decreased haematopoesis and focal bone marrow necrosis in six out of the eight femoral heads (grade 2 osteonecrosis). We also determined no pathological change in the group B cross-section examinations at week 5 (two femoral heads) (Fig. 1) .
In the examination of the dead chickens in the eighth week from group A, we found wide bone marrow necrosis and decreased haematopoesis in two out of four femoral heads of two animals, and widespread bone marrow oedema and fat cell proliferation in the other two femoral heads. Only one of the eight femoral heads showed grade 1 osteonecrosis in group B. In all of the six femoral heads we examined from group A at week 11, we found grade 1 and 2 osteonecrosis according to the grading system. Four of the femoral heads were grade 2, and two were grade 1 osteonecrosis. In the examinations of group B in week 11, we found no pathological change in two out of six femoral heads (grade 0), and four of them were seen to have bone marrow oedema and an increase in the number of fat cells (grade 1). In the examination of 22 femoral heads from group B in weeks 3, 5, 8, and 11, we determined a significant decrease in the number and size of the fat cells compared to group A in adipogenesis, and only 11 of the group B femoral heads (50%) developed bone oedema at week 11 (Fig. 2) .
In the macroscopic examination, no change in any femur or femoral head was found. In group A at week 14, grade 2 or 3 osteonecrosis was found in 24 out of 26 (16 were grade 2 and eight were grade 3) femoral heads. The specimens with grade 3 necrosis, which showed widespread bone marrow necrosis, did not have subchondral bone trabeculae and showed that the former trabecules were being replaced by new bone trabeculae which were thinner in formation and fewer in number. In group B in week 14, we found no pathological change in 13 out of the 20 femoral heads (grade 0), while seven of them were seen to have bone marrow oedema and an increase in the number of fat cells (grade 1) (Fig. 3) . The difference in the pathological grading between group A and group B was statistically significant (p<0.05). The specimens of the control group did not show any pathological change at week 14. Histological results are summarised in Table 2 .
Discussion
Studies have been performed on humans for ONFH using various drug and treatment methods [34] [35] [36] [37] [38] [39] . There have also been various steroid-induced ONFH experiments performed on animal models [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [40] [41] [42] [43] [44] . In most of these studies, the experiment was done with quadruped animals, Fig. 1 a In the third week of steroid medication, there is significant fat cell proliferation in the bone marrow. An increase in the size and number of fat cells, and bone marrow oedema is observed in group A (haematoxylin + eosin ×400). b Focal necrosis areas and decreased heamatopoesis in the bone marrow in week 5 resulting from steroid medication in group A (grade 2 osteonecrosis) (haematoxylin + eosin ×400) Fig. 2 a In the steroid medicated group A, necrosis is seen in the bone marrow cells in week 8 (grade 2 osteonecrosis) (haematoxylin + eosin ×400). b Steroid and pentoxifylline medicated group B experiments which showed no pathological changes in week 11 (grade 0) (haematoxylin + eosin ×100) whose hip biomechanics are significantly different from that of human's. Cui et al. [15] used chickens as bipedal test animal and developed ONFH successfully. The authors further showed that the Lovastatine, a lipid-decreasing drug, may decrease the rate of ONFH. Therefore, we used the system of Cui et al. [15] in our study.
In spite of osteogenic and haematopoetic cell death and subchondral trabecular bone necrosis that developed in the course of our study, a collapse in the femoral head did not occur. Short duration of steroid exposure, the decrease of the load applied on the femoral head related to limited physical activity associated with the catabolic effects of high-dose steroid leading to significant cachexia, may explain the decrease in the rate of subchondral microfracture and collapse formation.
PTX is a phosphodiesterase (PDE) inhibitor. PDE is an enzyme coded by different genes that is composed of nine tissue-specific isoenzymes (PDE1-9). The first action of PDE is to reduce the intracellular cAMP and/or cGMP levels [45] . Therefore, the inhibition of PDE results in the intracellular deposition of cyclic nucleotides and the increase in the cAMP and/or cGMP levels. PTX, which is a general inhibitor of those enzymes, used for many years to increase the cerebral and peripheral circulation, and has recently been used for its TNF-production decreasing effect for the treatment of septic shock [46] . There is very little information on the effects of PDE inhibitors on bone metabolism or osteoblastic function. Earlier studies showed that the osteoblastic effect of PTX occurred by its inhibition of the tumour necrosis factor α (TNF-α) production, which is a cytokine that inhibits bone formation [46, 47] . TNF-α inhibits fracture healing, bone formation related to BMP, and BMP-dependent alkaline phosphatase activity in osteoblastic cells. PDE inhibitors increase intracellular cAMP levels, which in turn obstructs TNF-α gene transcription [27, [48] [49] [50] . This is thought to be mediated by a transcriptional factor release inhibiting TNF gene expression [45] . Thus, bone formation can continue its normal process. Schwarz et al. [26] also showed that PTX blocks the TNF-α response and bone marrow related macrophages by the help of interleukin-18 and IFN-γ inhibition.
PTX and other PDE inhibitors activate osteoblast differentiation by increasing the intracellular cAMP levels by triggering protein kinase [51] . Rawadi et al. [28] report that PTX induced the osteoblastic markers, osteocalcin and Osf2/Cbfa1 in mesenchymal cells. They also report that this mechanism occurs independently from cAMP-dependent protein, kinase A (PKA). In the same study, it is suggested that the main mechanism occurs with the help of mitogen-activated protein kinase.
In our study, we found that PTX decreased histological evidence of steroid-induced ONFH. As the steroid induces the differentiation of osteoprogenitor cells to adipocytes and inhibits the osteoblasts, we thought that PTX might block the steroid's effect on changing osteoprogenitor cells to fat cells by increasing differentiation of mesenchymal cells to osteoblasts and promoting new bone formation. Moreover, when it is considered that steroids cause an intraosseous compartment syndrome after fat cell proliferation and a significant fat cell deposit resulting in sinusoidal compression, venous stasis and arterial obstruction and ischaemia, we suspect that PTX, with its microcirculation regulative effect, minimises these side effects. However, as it is a shortterm study, the long-term effects of this treatment and questions such as whether it will prevent collapse formation on femoral head and whether the timing of PTX administration is important, remain unanswered. The possible side effects of PTX in long-term use along with steroid medication should be investigated in future studies. Since our study was based only on pathological criteria, further in vitro studies, including histomorphological and imaging methods, are necessary to support positive effects of PTX on the decrease of steroid-induced ONFH.
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